Background: Choroidal melanoma is frequently accompanied by an exudative retinal detachment that can persist after proton beam therapy. This study investigates whether vitrectomy without tumor resection improves the clinical outcome. Methods: This is a retrospective interventional case series. Twenty patients with choroidal melanoma with exudative retinal detachment involving the macula were treated by vitrectomy, endodrainage, photocoagulation, and silicone oil tamponade after proton beam therapy. Results: The mean follow-up was 38.4 months (median 21.5, range 12.0-122.0). The mean time between proton beam therapy and surgery was 4.5 months (range 0.1-9.2). Reattachment was achieved in 95% of the patients after one vitrectomy. One patient was lost to follow-up because enucleation was performed after 45.9 months due to a secondary glaucoma. Mean visual acuity decreased from 1.1 to 1.8 logMAR before vitrectomy and after 4 years, respectively. No patient showed local tumor recurrence. Metastatic disease was present in 1 patient after 15.2 months, and this patient died after 19.2 months. Conclusion: Vitrectomy is indicated after therapeutic proton beam irradiation in patients who present with persisting exudative retinal detachment involving the macula and high local or systemic risk factors for hemorrhagic complications, thus excluding endoresection.
Introduction
Choroidal melanoma is the most frequent primary intraocular malignancy in adults. One part of ocular oncology is local and systemic tumor control. The enucleation of the eye shows equal metastatic mortality rates; therefore, preservation of the organ -even for large choroidal melanoma -should be the aim. Central location and size of the tumor are limiting conditions for the visual outcome in the eye-preserving radiation treatment. Choroidal melanomas with localization in the periphery are frequently accompanied by exudative retinal detachment limiting the vision. Tumor size is a strong predictor of exudative retinal detachment [1] . Exudative detachment often exacerbates after proton or gamma-knife irradiation, especially in large tumors [2] . Persistence of exudation after tumor irradiation is not necessarily a sign of tumor recurrence or activity. It is attributable to persistent tumorous vascular mediated breakdown of the blood-retinal barrier.
Tumor exudation is a risk factor for vision loss, especially when the foveal region is involved [3, 4] . Histochemical studies have indicated significant loss of photoreceptors following retinal detachment due to apoptotic and necrotic cellular death mechanisms [5] [6] [7] [8] [9] . This may explain the correlations between tumor exudation and its duration as well as irreversible deterioration of vision. Functional outcomes depend inversely on the lag duration between retinal detachment and reattachment. Furthermore, exudative retinal detachment is a risk factor for neovascular glaucoma possibly leading to enucleation with no influence on survival rates [2, 4, [10] [11] [12] [13] .
Conservative treatment options are limited. Spontaneous regression of the exudation may appear within up to 1 year [14, 15] . Resolution can be accelerated with the application of systemic or intravitreal steroids [16] . Gibran and Kapoor [15] proved in vivo that visual outcome can be restored by a contemporary reattachment. They performed a pars plana vitrectomy with endodrainage and silicone oil tamponade at the time of radiation therapy.
Our study reports the outcome of vitrectomy, endodrainage, photocoagulation, and silicone oil tamponade in patients with persistent exudative retinal detachment after proton beam irradiation for choroidal melanoma.
Patients and Methods
This retrospective study included patients with a primary exudative retinal detachment involving the fovea due to choroidal melanoma at the time of diagnosis that persisted after proton beam therapy. Also included were patients whose comorbidities (hypertension, nonreplaceable anticoagulation) or tumor characteristics (e.g. ciliary body involvement, >18 mm largest tumor diameter) excluded the possibility of surgical tumor resection due to a high risk of perioperative hemorrhage. All patients had a minimum follow-up of 12 months. Patients treated with vitrectomy for any other reason than the exudative retinal detachment (e.g. vitreous hemorrhage, rhegmatogenous or tractional retinal detachment, or any prior or further treatment between the time of diagnosis and vitrectomy) were excluded from the study. All patients gave their informed consent. The study protocol was approved by the Committee on Human Research of the Charité University Medicine Berlin.
All patients were treated between 2003 and 2011 at the Department of Ophthalmology, Charité University Medicine Berlin. Surgical treatment was performed after application of proton beam therapy at the Helmholtz-Zentrum Berlin. The diagnosis of choroidal melanoma was made by using slit-lamp examination, ophthalmoscopy as well as A-and B-scan sonography using standard techniques. The investigated endpoints of this study were the functional and anatomical outcome as well as local or systemic complications (cataract, radiation optic neuropathy, radiation retinopathy, neovascular glaucoma, tumor-related lipid exudation, enucleation rate, metastasis rate, and local recurrence). Visual acuity was measured as bestcorrected visual acuity before any vitrectomy and after year 1, year 2, year 3, and year 4. Additionally, we report on 5 further patients with ciliary body involvement. Due to different anatomic features, such as ciliary body involvement, they have been observed separately and are reported in tables 1 and 2 .
Surgery
After irradiation, a standard 20-gauge three-port vitrectomy with posterior vitreous detachment was performed. Retinal reattachment was achieved using perfluorocarbon heavy liquids. To drain the subretinal fluid, a small peripheral retinotomy was generated using the vitreous cutter. Afterwards, endolaser photocoagulation (532 nm) was applied confluently to the tumor surface as well as to the retinotomy borders (Iridex Corp., Canada). All eyes received a silicone oil 5000 cSt tamponade. No systemic or local steroids exceeding a 2-hourly application of 1 mg/ml dexamethasone solution were administered during the postoperative period. Silicone oil removal was performed using a further three-port vitrectomy when exudation had completely disappeared and visual outcome was expected to remain within a useful range (e.g. above counting fingers). Silicone oil removal was further performed when complications of silicone oil tamponade (e.g. emulsification and secondary silicone-related glaucoma) were present.
Statistics
Statistical analysis was performed with SPSS 20.0. A Mann-Whitney U test, Fisher's exact test, and factorial ANOVA were used to assess differences between subgroups. Interrelationships between variables were assessed by calculating correlation coefficients according to Spearman/PeaMAR. In relation to the MARAN (adjusted meter vision) protocol, light perception was added as 2.1 logMAR, hand motion as 2.0 logMAR, and counting fingers as 1.9 logMAR [17] . 
Results

Patients and Treatment
The mean age at the time of vitrectomy was 55 years (range 26-84). Ten patients were female and 10 were male. The mean time to follow-up was 38.4 months (median 21.5, range 12.0-122.0).
Anatomical Results
Before surgery, the retinal detachment affected the fovea in all cases. We found partial detachment comprising one quadrant (n = 6), two quadrants (n = 9) or three quadrants (n = 3). A total exudative retinal detachment was seen in 2 patients. The mean time between irradiation and surgery was 4.5 months (range 0.1-9.2). Vitrectomy and oil tamponade were successful in reattaching the retina in 100% (n = 20) of the cases without complications.
Silicone oil was removed after a mean time of 11.3 months (range 3.0-30.0) in 13 patients (65.0%). The silicone tamponade was left in 7 patients (35.0%) to avoid further surgery due to poor visual prognosis. However, no inferior retinal detachment was detected in any of the patients with remaining oil tamponade.
In 1 patient (5.0%), retinal redetachment was observed 1.5 months after oil removal due to persisting exudation. There was no sign of proliferative vitreoretinopathy. Management in this case included revitrectomy with application of an encircling band, re-laser photocoagulation, and intraocular sulfurhexafluoride gas tamponade. The encircling band was used as adjuvant treatment in this complex situation to ensure that all vitreous has been removed for prevention of proliferative vitreoretinopathy. Mean tumor height prior to proton beam therapy was 6.2 mm (range 3.8-9.9) and 14.2 mm (range 7.7-18.5) in the largest basal diameter. The last examination showed that the mean tumor thickness decreased to 2.2 mm (range 1.2-4.8) after a mean follow-up of 38.4 months (median 21.5, range 12.0-122.0) (p = 0.002). Although sonographic measurements were limited to patients who underwent oil removal (n = 13; 65.0%), tumor regression was seen in all patients ophthalmoscopically.
Functional Results
Before vitrectomy, the median visual acuity was 1.0 logMAR (mean 1.1, range 2.0-0.5) and stayed at that very poor level during the following 4 years ( table 2 ). After 1 year, the median visual acuity was 1.2 logMAR (mean 1.1, range 2.0-0.2, n = 20) and did not change for more than 2 years (mean 1.4, range 2.0-0.4, n = 12). Three years after irradiation, visual acuity dropped to 2.0 logMAR (mean 1.7, range 2.2-0.7, n = 7) and remained stable thereafter (after 4 years: mean 1.8, range 2.2-1.0, n = 6) ( fig. 1 ).
Local Tumor Control and Complications
None of the 20 patients showed local tumor recurrence. One patient (2.0%) developed metastasis after 15.2 months and died after 19.2 months. Enucleation was performed in 1 patient (5.0%) 45 months after vitrectomy because of neovascular glaucoma.
Complications observed during the follow-up included cataract development, lipid exudation, radiation retinopathy, radiation-induced optic neuropathy, and neovascular glaucoma. No patient presented with radiation-induced complications at the time of vitrectomy or earlier. Four patients (20.0%) were pseudophakic at the time of diagnosis. Six patients (30.0%) presented with cataracts at that time point. Most patients did not receive cataract surgery and silicone oil tamponade at the time of vitrectomy. Cataract surgery was carried out simultaneously with oil removal in 12 patients (60.0%). One patient (5.0%) was left aphakic. Two patients (10.0%) did not develop a cataract until the final follow-up. One patient (2%) developed massive lipid exudation after 15 months. Three years after irradiation, visual acuity dropped to 2.0 log-MAR (mean 1.7, range 2.2-0.7, n = 7) and remained stable thereafter (after 4 years: mean 1.8, range 2.2-1.0, n = 6).
Radiation retinopathy was found in 8 patients (40.0%) after a mean interval of 7.1 months. Radiation-induced optic neuropathy occurred in 7 patients (35.0%) after 9.2 months. Secondary glaucoma was detected in 5 cases (20.0%) at an average of 9.3 months after proton beam therapy. There was no correlation found between visual outcome and development of complications.
Subgroup Analysis of Choroidal Melanoma with Ciliary Body Involvement
Patients presenting with ciliary body involvement were reported separately. Ciliary body involvement is a clinical feature that is independently associated with a higher risk of metastasis [18] . In the 5 patients with ciliary body involvement, retinal detachment extended to one quadrant in 1 patient, to two quadrants in 3 patients, and to three quadrants in 1 patient. The fovea was involved in all 5 patients. Surgery was performed after, on average, 4.9 months (range 0.3-10.2) following proton beam therapy.
Vitrectomy and oil tamponade were capable to reattach the retina in 100% (n = 5) of the cases without any perioperative complication. In 2 patients, silicone oil was removed after 7 and 10 months, respectively. In the latter patient, 1 month after oil removal due to new exudative retinal detachment, a second vitrectomy, including encircling band and intraocular sulfur hexafluoride gas tamponade, was necessary to get the retina attached.
Best-corrected visual acuity in patients with ciliary body involvement before surgery and 1 year thereafter was 0.8 logMAR (range 1.0-0.1) and 0.7 logMAR (range 1.0-0.1), respectively ( table 2 ) . At the time of diagnosis, 3 of 5 patients were pseudophakic and 2 presented with cataracts. Radiation retinopathy occurred in 2 patients after 3.7 and 13.1 months, respectively; the first patient (patient No. 25) experienced radiation-induced optic neuropathy after 3.7 months. None of the patients developed tumor-related exudation (yellowish exudates), metastasis or local recurrence, or secondary glaucoma ( fig. 2 ).
Discussion
Our study demonstrates that vitrectomy with endodrainage, tumor endolaser coagulation, and silicone oil tamponade is a valid treatment option in patients with primary exudative retinal detachment due to choroidal or ciliary body melanoma. This treatment option becomes especially interesting when endoresection should be avoided in patients with a high risk of perioperative bleeding.
To our knowledge, there is only one study by Gibran and Kapoor [15] , which describes a similar treatment in 6 patients after brachytherapy (n = 5) and proton beam therapy (n = 1). It was successfully performed in all 6 patients, except 1 case of retinal redetachment (17%). Drawing a comparison with the present study is difficult because of different tumor characteristics. Gibran and Kapoor [15] reported only 1 patient with a large tumor (height of 11.2 mm, basis of 16.5 mm) who received proton therapy. Our study represents mainly patients with large tumors with an equal success rate for retinal reattachment. We reported 1 patient with redetachment due to persisting exudation.
Experimental data suggest that in retinal detachment, permanent retinal degeneration might occur within weeks [5] [6] [7] [8] [9] . Gibran and Kapoor [15] proved in vivo that visual outcome can be restored by a contemporary reattachment. Thus, it seems reasonable to reattach the retina within a short period of time to maximize the visual-saving potential of this approach. Perhaps we would have had better functional outcomes if vitrectomy had been performed after a shorter period than we did (we had an irradiation/vitrectomy interval of 4.5 months).
Although nonsignificant in our study, there was a trend that shorter intervals between retinal detachment and silicone oil tamponade prevented visual loss. In our study, the shortest intervals between irradiation and vitrectomy were observed in 2 patients at 3 and 4 days after proton beam irradiation, respectively. Both patients experienced an improvement of visual acuity (from 1.0 to 0.3 logMAR in the first patient and from 0.7 to 0.2 logMAR in the second patient).
Besides the duration of retinal detachment, localization and size of the tumor are important parameters as irradiation therapy in proximity to sensitive structures necessarily causes vision loss. In the recent study, all but three tumors were classified as centrally located. Therefore, gain of function was limited by anatomic features.
We coagulated the retina overlaying the tumor with confluent laser during the vitrectomy and subsequent silicone oil tamponade. In our study, photocoagulation was not necessary for tumor control because prior irradiation sufficiently devitalized and inhibited the growth of the tumor cells. Instead, photocoagulation was applied with the intent to reduce the diffusion barrier of the retinal tissue overlaying the tumor by destruction and scarring of the retinal tissue.
After irradiation, tumor cells and vascular cells undergo apoptosis or necrosis resulting in exudation and inflammation [19] . Thus, after vitrectomy only, one would have expected more cases presenting with retinal redetachments as neither vitrectomy itself nor tamponade with silicone oil does influence the exudative activity of the tumor. In our study, photocoagu- lation of the tumor surface was performed using a frequency-doubled Nd/YAG laser. This laser coagulates the retina and superficial tumor layers and is not capable to achieve coagulative effects in tissue depths comparable to the probe used for transpupillary thermotherapy. There are reports demonstrating that laser tumor therapy (810 nm) in combination with proton therapy leads to resolution of exudative retinal detachments after 193 days compared to 263 days when only proton beam therapy was applied [20] . We assume that after photodestruction of retinal tissue overlying the tumor tissue, the exudative fluid may potentially diffuse into the vitreous cavity instead of subretinally. Limited amounts of persistent subretinal fluid are manageable and will be resorbed by the retinal pigment epithelium. Furthermore, it is known that laser photocoagulation helps to prevent neovascular glaucoma [21] . In their study, Missotten et al. [22] found significantly elevated aqueous VEGF levels in eyes with uveal melanoma irrespective of the treatment compared with controls and eyes with a retinal detachment alone. The current literature shows overall 5-year neovascular glaucoma rates of approximately 11-31% in modern proton-treated uveal melanoma patients with neovascular glaucoma, and this typically occurs in the first 3 years after treatment [23] [24] [25] . In our study, the neovascular glaucoma rate was 20%, which was not higher than reported in the literature for uveal melanoma in general. As mentioned above, exudative retinal detachment is a risk factor for neovascular glaucoma, which is the leading cause for enucleation [2, 4, [10] [11] [12] [13] . Therefore, it would be interesting to perform VEGF measurements before and after vitrectomy to show that perhaps by reattachment of the retina, levels of VEGF are lowered to the same levels as in uveal melanoma in general.
By not removing the tumor, we were aware of an increased risk of retinal exudation and inflammation resulting in neovascular glaucoma called the 'toxic tumor syndrome'. As reported with increasing tumor mass, the irradiated tumor tissue may produce large amounts of cytokines leading to inflammation, VEGF expression, and subsequent barrier breakdown resulting in exudative retinal detachment and finally in neovascular glaucoma [26, 27] . In our study, the individual follow-up was still too short to detect differences in tumor-related exudations or neovascular glaucoma compared to patients who received endoresections at our department.
The additional use of intravitreal triamcinolone acetonide may minimize the need for postirradiation surgery as well as prevent exudative long-term damage. Pharmacological means to reduce exudative detachment encompass combinations anti-VEGF or steroid therapies [16, 28] . Time until regression of exudation differed between 4.5 (±2.4) months with triamcinolone, 7.9 (±2.7) months with bevacizumab, and 11.2 (±3.5) months with observation. A complete retinal reattachment was found in 18 intravitreal triamcinolone acetonidetreated patients (56%), 10 intravitreal bevacizumab-treated patients (31%), and 7 observed patients (22%). For this reason, we have recently started trying to reduce the retinal detachment by a combined treatment of triamcinolone during clip or cataract surgery, if necessary, before performing vitrectomy. Then, in case of persisting exudative retinal detachment, we decide on the further surgical approach, either vitrectomy including endoresection and silicone oil tamponade or vitrectomy including laser photocoagulation, endodrainage, and silicone oil tamponade.
In conclusion, following proton therapy of large choroidal tumors, additional therapy is required to maintain ocular integrity in a functional and anatomical way. While endoresection, especially in large tumors, was demonstrated to be the most promising way to retain the globe, vitrectomy with endodrainage can be a treatment option for those patients in whom an endoresection is not indicated [26, 27] . Accordingly, the study patients were selected for this treatment. While there is an effect on subretinal exudation, it remains unclear in which cases this treatment is sufficient to fully compensate for toxic tumor syndrome. Vitrectomy after proton beam therapy is a safe procedure, and vitrectomy facilitates tumor surveillance
